The field-emission properties of a Si-O bond-containing diamond-like nanocomposite ͑DLN͒ film were investigated as a function of annealing temperature (T a ). It was found that with increasing T a the emission threshold voltage decreased gradually. After annealing at T a ϭ500°C, the emission current decreased significantly. At T a ϭ700°C, however, the field-emission properties of the DLN film improved greatly, the threshold field became very low ͑ϳ1.5 V/m͒, and the emission current rather high ͑e.g., ϳ2.3 A/mm 2 at an electric field of 22 V/m͒. The structural variation of the film after annealing at different temperatures was monitored by ultraviolet Raman spectroscopy, spectroscopic ellipsometry, atomic-force microscopy, and electrical resistivity measurements. By using a three-step model: ͑i͒ electron injection from the substrate, ͑ii͒ electron transport through the film, and ͑iii͒ electron emission at the film surface, the annealing effect on field-emission properties of the DLN film were qualitatively interpreted. It is believed that the threshold electric field is determined by the local electron affinity on the film surface, while the emission current is mainly limited by electron injection and transport processes.
I. INTRODUCTION
The current dominant flat-panel display ͑FPD͒ technology is the active-matrix liquid-crystal display ͑AMLCD͒. 1 However, AMLCD is far from an ideal system because of its extremely low-power efficiency, limited viewing angle, and poor image contrast. In the past two decades, many efforts have been made on electron field-emission for flat-panel displays.
2, 3 The majority of prototypes developed so far are based on Spindt-type microtip arrays, 4,5 typically, consisting of Si, Mo, or W, for cathode. However, such materials require high electric field in excess of 5ϫ10 7 V/cm for field emission, and fabrication of the microtip arrays with uniformity on a large scale is very difficult. Moreover, the performance of such FPDs would degrade rapidly due to the poisoning, erosion, and blunting of these tips by the residual gases ͑e.g., O 2 ) in the vacuum container. Thus, the Spindttype tip arrays are not suited for low-cost FPDs. A practicable alternative is to use flat cathodes produced from lowelectron affinity materials. 6 Since the reports of negative electron affinity in diamond 7 and the observation of lower fields required for emission from chemical-vapor-deposited polycrystalline diamond films [8] [9] [10] than those seen in conventional Mo and W Spindt-type emitters, there has been widespread interest in carbon-based electron field emitters for display applications. 11 Excellent electron field-emission characteristics with low turn-on electric field and high current density have been observed from various materials, such as, graphite, 12 carbon nanotubes, 13, 14 conductive polymer composites, 15 diamond, [8] [9] [10] [11] and diamond-like carbon ͑DLC͒ films. [16] [17] [18] [19] Among them, diamond and DLC films are viewed as the most promising materials for cold cathode emitters because of their unique advantages, such as low or negative electron affinity, chemical inertness, high mechanical stability, high thermal conductivity, and simplicity of processing ͑low cost͒. DLC is especially interesting as, unlike diamond, it can be deposited on various substrates, such as metal, silicon, plastic, and glass, over large areas with excellent uniformity at room temperature.
Currently, two issues severely restrict the practical applications of DLC films: intrinsic high compressive stress and low thermal stability. It was reported that the DLC films a͒ Author to whom correspondence should be addressed; electronic mail: exzding@ntu.edu.sg would graphitize upon annealing at temperatures of several hundred degrees centigrade. 20 Ong et al. 21 found that DLC films deposited by pulsed-laser ablation showed a transition from the diamond-like to graphite at a temperature as low as 100°C. It was reported by many authors that composite DLC coatings, 22, 23 i.e., incorporating other elements such as nitrogen, boron, silicon, oxygen, fluorine, or some metals, have been shown to overcome some intrinsic application difficulties of DLC, such as reducing internal stresses, enhancing adhesion and mechanical properties, modifying surface energy, and improving thermal stability. One particular class of modified DLC coatings are diamond-like nanocomposite ͑DLN͒ films. 24 These materials consist of two amorphous interpenetrating networks, a diamond-like (a-C:H) network and a quartz-like (a-Si:O) network. A very low level of internal residual stress and markedly improved thermal stability of the DLN films have been demonstrated in comparison with the pure DLC films. 25 In our previous paper, 26 a diamond-like nanocomposite film was synthesized by an ionbeam-assisted deposition ͑IBAD͒ method in an acetylene atmosphere. In this article, the field-emission properties of the DLN film as a function of annealing temperature are reported.
II. EXPERIMENT
The DLN film was synthesized by an IBAD process, in which a Si/SiO 2 target with an areal ratio of Si:SiO 2 ϭ1:3 was sputtered by an Ar ϩ -ion beam ͑2 keV, 60 mA͒ in an acetylene atmosphere. During deposition, the growing film was concurrently bombarded by another Ar ϩ -ion beam ͑20 keV, 10 mA͒ for the purpose of enhancing the reaction of depositing species on the sample surface, i.e., decomposing the C 2 H 2 molecules absorbed on the sample surface and, consequently, incorporating carbon atoms into the film. The deposition process has been described in detail in our previous paper. 26 A highly doped n-type silicon (n ϩϩ -Si) wafer was used as the substrate. The film thickness was measured to be about 90 nm by spectroscopic ellipsometry. From the Fourier transform infrared absorption spectrum, no evidence of C-H bonds could be detected in our DLN film. The composition of the film was determined to be about C/Si/O ϭ47/31/22 in atomic ratio by x-ray photoelectron spectroscopy experiments. 26 After preparation, the DLN film was annealed in a flowing nitrogen ͑flow rate: 10 ml/min͒ atmosphere at different temperatures (T a ϭ300, 500, and 700°C͒ for 1 h. The field-emission behavior of the as-deposited and annealed DLN films was studied using parallel-plate diode configurations in a test chamber maintained at 10 Ϫ7 Torr. The anode consists of a ZnO:Zn-phosphorϩITO ͑indium tin oxide͒ -coated glass plate, whereas the DLN films act as cathodes. By using the low-voltage phosphor, the emission sites can be clearly demonstrated in a normally lighted room during measurements. The two plates are separated by a spacer of 60-m-thick insulating Teflon. The field-emission measurement has been described in detail elsewhere. 19 The area of all the samples tested is 0.3ϫ0.4 cm 2 . The electric field ͑F͒ is calculated by dividing the anode voltage by the anode-cathode distance, and the emission current density ͑J͒ is obtained assuming that the emission occurred uniformly over the entire surface of the film exposed to the anode.
In order to investigate the field-emission mechanism, the microstructure variation of the DLN film after different annealing temperatures was measured by ultraviolet ͑UV͒ Raman scattering spectroscopy and spectroscopic ellipsometry analyses. The UV Raman spectroscopy has been shown to be an effective technique to provide direct evidence for the presence of sp 3 -bonded C atoms in diamond-like amorphous-carbon films. 27, 28 The UV Raman scattering spectra of the DLN films excited by the 244 nm line of frequency-doubled argon-ion laser ͑Coherent 90C FreD series͒ were collected in a backscattering geometry via a microscope assembly. Dielectric filters were used for rejection of stray light and Rayleigh scattering prior to the spectrograph. During measurement, the DLN samples were rotated in order to avoid being damaged by the intense laser beam. In the spectroscopic ellipsometry analysis, the structure of the DLN film on the silicon wafer was simulated by a four-layer model 29 consisting of a roughness layer, a DLN layer, a graded DLN:Si layer, and the silicon substrate. The optical properties of the DLN layer were derived based on the Forouhi and Bloomer amorphous-semiconductor model. The surface morphology of the as-deposited and annealed DLN films was directly observed under ambient conditions by a Nanoscope III scanning atomic-force microscope ͑AFM͒ ͑Digital Instruments Inc.͒ The system is operated in the noncontact tapping and lift modes. The electrical resistivity of the DLN films was also measured by the conventional four-point probe method.
III. RESULTS AND DISCUSSION
The field-emission characteristics of the DLN films are shown in Fig. 1 . From the J -F curves, see Fig. 1͑a͒ , it can be seen that with increasing T a the emission threshold voltage, at which an emission current of about 0.1 A can be detected, decreased gradually. With the exception of the 700°C annealed sample, the field-emission current of the samples at higher electric fields ͑e.g., Ͼ21 V/m͒ also decreased. It is surprising to note that after annealing at 700°C the field-emission properties of the DLN film were greatly improved, the threshold field was ϳ1.5 V/m, and the emission current was ϳ2.3 A/mm 2 at an electric field of 22 V/m. According to the Fowler-Nordheim ͑FN͒ theory, the field-emission current ͑I͒ can be expressed as
where ⌽ is the effective work function of the emitting material in units of eV, V is the anode voltage in volts, d is the anode-cathode distance in meters, I in amperes, and B ϭ6.8ϫ10
9 . The FN plots, i.e., log(I/V 2 ) vs 1/V, of the DLN films are given in Fig. 1͑b͒ . Except for the film annealed at 500°C, the field-emission behavior of the DLN films follows the Fowler-Nordheim characteristic very well. From the linear fitting results of the FN plots, the effective work functions of the DLN films were calculated to be 0.03, 0.04, 0.01, and 0.001 eV for the as-deposited, and 300, 500, and 700°C for the annealed samples, respectively. It is interesting to note that the effective work function of the DLN film annealed at 700°C is extremely low. Figure 1͑c͒ shows the field-emission images, captured at an electric field of 20 V/m, of the DLN films. It is observed that the emission site density decreases with increasing T a when T a р500°C. At T a ϭ700°C, however, the emission site density increases significantly to a degree much greater than that of the asdeposited DLN film.
The UV Raman spectra of the DLN films are shown in Fig. 2͑a͒ . There are two broad peaks around 1100 and 1650 cm Ϫ1 , which can be attributed to the vibrational contribution of the sp 3 -and sp 2 -bonded carbon clusters, and are referred to as ''T'' and ''G'' peaks, respectively. 27, 28 There is no obvious change in the UV Raman spectrum of the DLN film after annealing at 300°C. When T a ϭ500°C, the intensity of both the T and G peaks increased. When T a ϭ700°C, the intensity of the G peak increased slightly, but the T peak decreased significantly as compared to the 500°C-annealed sample. The variation of the intensity ratio of I G /I T is shown in Fig. 2͑b͒ . At T a ϭ300°C, the I G /I T ratio is 1.6 and remained unchanged. At T a ϭ500 and 700°C, the I G /I T ratio increased to 1.84 and 3.03, respectively. Figure 3 shows the Tauc plots, i.e., E͓⑀ 2 (E)͔ 1/2 vs E, of the DLN films, where E is the photon energy and ⑀ 2 (E) is the imaginary part of the complex dielectric function. 29 From the Tauc plots, the optical band gap (E opt ) of the DLN films was determined, as shown in the inset of Fig. 3 . It was found that E opt almost retained the same value of about 2.5 eV when T a р500°C. When T a ϭ700°C, however, E opt decreased down to about 1.9 eV. Figure 4 shows the variation of the electrical resistivity of the DLN films. When T a р500°C, the resistivity increased slightly with increasing T a . When T a ϭ700°C, the resistivity decreased by one order of magnitude. Figure 5 shows the AFM images of the as-deposited and annealed DLN films. The nanoscale cluster structure can be seen in the images, and with the increase of T a , the size of the clusters increased gradually. The rms surface roughnesses were measured to be 4.0, 5.0, 6.1, and 4.2 nm for the as-deposited, 300, 500, and 700°C for the annealed films, respectively. The field-emission behavior of the DLN films cannot be simply related to the variation of the surface morphology.
In order to understand the origin and properties of the observed emission from diamond or DLC films, a number of possible mechanisms have been proposed and studied. These possible mechanisms include emission from valence band, 30, 31 midgap defect subband, 32 creation of electroformed conducting channels, 33 space-charge-induced bandbending, 16 surface dipole-controlled emission, 34 field enhancement due to surface features, 35 and backcontact injection into the conduction band. 36 In a systematic study of the field-emission characteristics of diamond films, Cutler et al. 36 proposed a three-step field-emission model, i.e., ͑i͒ electron injection through the backcontact, ͑ii͒ transport FIG. 1. Electron field-emission characteristics of the DLN films: ͑a͒ current density ͑J͒ vs electric field ͑F͒ curves: ᭹ as-deposited; ᭡ T a ϭ300°C; ϩ500°C; 700°C; ͑b͒ FN plots calculated from ͑a͒; and ͑c͒ emission images at an electric field of 20 V/m. through the diamond, and ͑iii͒ emission at the diamondvacuum interface. This model can also be employed to interpret the electron field-emission behaviors of the DLN films as observed in the present work. Figure 6 shows a schematic energy-band diagram demonstrating the three-step electron emission process of the DLN films. In the Cutler model, it is assumed that the emitted electrons are originated from the backcontact substrate. At first, electrons are driven by the applied electric field to transfer from the n ϩϩ -Si substrate to the DLN conduction band through a band-to-band tunneling process. The height of the electrostatic barrier for this tunneling process is given by ⌽ BN ϩ S b , where ⌽ BN is the height of the Schottky barrier between the substrate and DLN film measured from the Fermi energy of the n ϩϩ -Si, and S b is a band offset term. As the DLN film is neither nnor p-type doped, the Fermi level should lie near the center of its band gap, and the electron-tunneling barrier (⌽ BN ϩ S b ) is approximately equal to 0.5Eg DLN . Second, the injected electrons transport across the DLN film through its conduction band, which is directly limited by the resistivity of the DLN film. Third, electrons emit into the vacuum at the surface of DLN by tunneling through a surface barrier. The emission process should preferentially occur at the sites with lower local electron affinity.
From the UV-Raman spectra, and the measurement results of E opt and electrical resistivity, it can be concluded that there is little structural change in the DLN film after annealing at 300°C. The field-emission behavior of the DLN film annealed at 300°C is very similar to the as-deposited sample. After annealing at 500°C, the increase of the intensity of both the G and T Raman peaks might indicate local ordering and separation processes of the sp 2 -and sp 3 -bonded carbon regions. The ''more perfect'' ordered sp 3 -bonded regions might possess a lower electron affinity, which should be responsible for the decrease of the threshold emission field after annealing at 500°C. The slight increase of the intensity ratio of I G /I T implied a little graphitization occurred in the film, but the size of the graphite clusters was not increased as the optical band gap remained unchanged. Accompanied with the ordering and separation processes of the sp 2 and sp 3 carbon components, the Si-O clusters might also segregate gradually. The increase of the electrical resistivity could be attributed to the scattering effects at the interfaces between the Si-O clusters, sp 3 -bonded, and sp 2 -bonded carbon clusters. This increase in resistivity made it more difficult for electrons to transport through the DLN film and, as a consequence, seriously limited the emission current.
At T a ϭ700°C, however, graphitization can take place in the DLN film, as can be seen from the structural characterization results, i.e., the obvious decrease of the intensity of the ''T'' Raman peak, E opt , and electrical resistivity, and the significant increase of the intensity ratio of I G /I T as well. The decrease of E opt could effectively lower the electrontunneling barrier at the interface of n ϩϩ -Si-DLN, electrons can inject into the DLN conducting band from the n ϩϩ -Si substrate easily. Moreover, the observed graphitization process might result in the formation of some conducting channels across the DLN film. Due to the enhancement of conductivity, the electron transport through DLN would become much easier. On the other hand, at T a ϭ700°C, there still exists a considerable fraction of sp 3 components, which should possess lower electron affinity, in the DLN film. And the increase of electrical conductivity would effectively en- hance the local electric field at sp 3 sites on the film surface, which would result in a further decrease of the nominal emission threshold voltage. All these processes would be responsible for the improvement of electron field-emission characteristics of the DLN film after annealing at 700°C.
IV. CONCLUSION
The electron field-emission behavior of the DLN film could be significantly influenced by the postdeposition annealing processes. When T a р500°C, both the threshold field and the emission current at high field decreased gradually. At T a ϭ700°C, the field-emission property of the DLN film was greatly improved with a very low-threshold field and a rather high-emission current. We believe that the threshold electric field for electron emission is determined by the local electron affinity on the surface of the DLN film, while the emission current is mainly limited by electron injection from the substrate and electron transport through the DLN film.
